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F ig . 2. C o n d u c tiv ity  Glow-Curve: m-Terphenyl
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i v i t y  glow cu rv e , I  = 240°K, and E . , th e  escape frequency  from th emax t
t r a p s ,  v , may be o b ta in ed  by approx im ating  Eq. (3) as  Et  = lo 8 v

s in c e  f (v , |3 )< l .  The escape frequency  i s  found to  be 3 .6  x 10® sec"* .

The escape freq u en cy  i s  r e la te d  to  th e  e f f e c t iv e  d e n s ity  o f  s t a t e s  in

th e  v a len ce  band by W c.v* . = N from which th e  tra p p in g  c ro s s - s e c t io n ,tn  v
a . , may be c a lc u la te d .  Assuming th a t  the v e lo c i ty  o f th e  charge c a r-

7 - 1r i e r s  a t  room tem p era tu re , v . , i s  o f  th e  o rd e r  o f 10 cm sec  , th e
-18  2v a lu e  o f a  i s  found to  be 1 .5  x 10 cm . The charge c a r r i e r s  spend

on th e  average a tim e , t  = (N ct v  , ) , in  th e  conducting  s t a t e s .
O C C C ll g

The v a lu e s  o f  Nfc, and v ^  y ie ld  app rox im ate ly  4 x 10 sec fo r  t q .  

Since th e  e x p e rim e n ta lly  determ ined  v a lu e  of )jb i s  r a th e r  sm all and the  

d e n s ity  o f tra p p in g  s ta t e s  i s  q u ite  la rg e ,  i t  seems reaso n ab le  to  con

clude th a t  th e  m o b ility  i s  tra p -m o d u la ted . I f  t h i s  were th e  case , the  
m o b ili ty , [i,^, which i s  d e fin ed  as  th e  average d is ta n c e  t r a v e l le d  p e r 

u n i t  f i e ld  in  the  d i r e c t io n  o f th e  f i e ld  in  th e  tim e between c o l l i -  

s io n s  d iv id ed  by th e  t im e - in te rv a l  between c o l l i s io n s  may be c a lc u la te d  

from th e  eq u a tio n :

M-o = ^ t a t Vth /v e ”Et/kT  

2 * 1 "1|jb tu rn s  ou t to  be 4 .5  cm V~ sec ; th u s  th e  range p e r u n i t  f i e l d ,
°  -7 2 - 1u)Q = M>0To , i s  app rox im ate ly  1 .8  x 10 cm V . This v a lu e  o f u)q sug

g e s ts  a s i tu a t io n  w herein  th e  charge c a r r i e r  i s  trapped  a f t e r  t r a v e r s 

ing  a d is ta n c e  of th e  o rd e r o f th e  dim ensions o f a u n i t  c e l l  in  the  
c r y s t a l .  The v a lu e  o f a fc i s  much too  sm all to  be a s so c ia te d  w ith  atom ic

o r m o lecu lar d im ensions. I t  i s  i n t e r e s t in g  to  n o te  th a t  tra p p in g  c ro ss -
-17 2s e c t io n  of th e  o rd e r  o f 4 x 10 cm was a ls o  re p o rte d  fo r  j> -terphenyl

by Mark and H e l f r i c h .8 I t  may be th a t  the  tra p p in g  mechanism i s  o f  th e

^R. H. Bube, "P h o to c o n d u c tiv ity  o f S o l id s ,"  John W iley and
Sons, I n c . ,  Mew York (1960), p . 51.

5A. Rose, R. C. A. Rev. ,  12, 362 (1951).
8P. Mark and W, H e lf r ic h , o£. c i t . . v o l .  33, p . 205.
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type suggested  by Landau, th a t  o f  an e le c tro n  d igg ing  i t s  own p o te n t ia l

h o le .^  A p o s i t iv e  hole could be trapped  s im i la r ly .  I t  i s  conceivab le

th a t  such a tra p p in g  mechanism in  o rg an ic  m olecu lar s o lid s  may g ive a

s u i ta b le  e x p la n a tio n  fo r  the sm all v a lu e  o f <j . Using th e  v a lu e  fo r
2u)Q, th e  s a tu r a t io n  v o lta g e , Vfl = d u)q , i s  found to  be approxim ate ly

140 v o l t s .  The v a lu e  o f the  s a tu r a t io n  v o lta g e  i s  w e ll w ith in  the

s u b lln e a r  reg io n  o f  the J  v s . V curve and sup p o rts  v e ry  s tro n g ly  th ed ■”
sta tem en t made p re v io u s ly  reg a rd in g  the n a tu re  o f th e  su b lln e a r  p o r
t io n  of curve 1.

Curves 2 ,3 ,4 ,5 ,6 ,7 ,  and 8 a re  th e  c u r re n t-v o lta g e  c h a ra c te r 
i s t i c s  a t  v a rio u s  i n t e n s i t i e s  a n d /o r modes of i l lu m in a tio n . Curve 2 

was taken w hile  th e  c o n d u c tiv ity  c e l l  was e x c ite d  by 240 mp, monochro

m atic  l i g h t .  L igh t of t h i s  w avelength i s  alm ost com pletely  absorbed 

by the  Sn0 2  f ilm  and on ly  a v ery  sm all f r a c t io n  of th e  in c id e n t l ig h t  

in te n s i ty  reaches th e  c r y s t a l .  The r e l a t iv e ly  weak o p t ic a l  e x c i ta t io n  

d id  no t a f f e c t  s ig n i f i c a n t ly  th e  u n ifo rm ity  o f th e  d i s t r ib u t io n  of the  
f re e  charge c a r r ie r s  in  th e  c r y s ta l  as i s  evidenced by the  Ohmic ch a r

a c t e r i s t i c  o f  the curve a t  the low v o lta g e  range . The e f f e c t  o f s e r i 

o u s ly  d is tu rb in g  th e  u n ifo rm ity  o f the  charge c a r r i e r  d i s t r ib u t io n  in  

the  c r y s ta l  i s  shown by curves 3 and 4 which were taken  using  l ig h t  

w ith  w avelengths o f  320 and 370 mp, r e s p e c t iv e ly .  L igh t o f th e se  wave
le n g th s  i s  tra n sm itte d  alm ost com pletely  through  the Sn0 2  f ilm  and i s  

s tro n g ly  absorbed by the  c r y s ta l  w ith in  a su rfa c e  la y e r  o f a few hundred 

Angstrom th ic k n e s s . These photons a re  q u ite  e f f i c i e n t  fo r  photoproduc

t io n  of charge c a r r i e r s .  I t  i s  seen th a t  both  curves a re  s t r i c t l y  super- 

l in e a r ,  th e  c u rre n t in c re a s in g  as  Curves 5 ,6 , and 7 were ob ta ined

u sin g  po lychrom atic  l ig h t  a t  d i f f e r e n t  in te n s i t y  le v e ls  by in te rp o s in g  

between th e  l ig h t  source and th e  c e l l ,  n e u tr a l  o p t ic a l  d e n s ity  screen s 
ra te d  a t  1 .5 ,  1.0 and 0 .5  o p t ic a l  d e n s ity  u n i ts  r e s p e c t iv e ly .  Curve 8 

was o b ta in ed  a t  100% l ig h t  in te n s i ty .  By u sin g  polychrom atic l i g h t ,  i t

^L. Landau, P h y sik . Z .  Sow jetunion . _3, 664 (1933).



17

was hoped t h a t  a smoothing out o f  the charge c a r r i e r  d i s t r i b u t i o n  could 

be e f f e c te d  even when th e  c r y s t a l  i s  operated  under a h igher  r a t e  o f  

p h o to -e x c i ta t io n .  Since l i g h t  o f  wavelengths which a re  more e f f e c t i v e  

fo r  c a r r i e r  g en e ra t io n  a r e  u s u a l ly  m ostly  absorbed c lo se  to t h e  i l l u m i 

n a ted  s u r f a c e ,  a s t r i c t l y  uniform  d i s t r i b u t i o n  o f  charge c a r r i e r s  through

out th e  c r y s t a l  can no t be ach ieved . However, by a d ju s t in g  th e  polychrom

a t i c  l i g h t  i n t e n s i t y  i t  may be p o s s ib le  to  b r in g  about a b a lan c in g  e f f e c t  

between the  r a t e  o f charge c a r r i e r  g en e ra t io n  by the  s t ro n g ly  absorbed 

component o f  the in c id e n t  l i g h t  a t  the su rface  la y e r  and the g e n e ra t io n  

of charge c a r r i e r s  in  th e  bulk o f  the c r y s t a l  by the weakly absorbed 

and o th e r  long  wavelength components o f  the in c id e n t  r a d i a t i o n .  These 

e x p e c ta t io n s  appear to  have been r e a l i z e d .  Thus in  curves 5 and 6  which 

were o b ta ined  a t  lower l i g h t  i n t e n s i t i e s ,  the c u r re n t  in c reased  l i n e a r ly  

w ith  the  v o l ta g e  in  the  same range of v o l ta g e s  where l i n e a r i t y  was p r e 

v io u s ly  observed in  curve 2. Curves 7 and 8  which were ob ta ined  a t  

h ig h e r  l i g h t  i n t e n s i t i e s  show tendency to  d e v ia te  from l i n e a r i t y .  The 

d e v ia t io n  occurs  a t  lower v o l ta g e s  and in d ic a te s  t h a t  the  charge c a r r i e r  

d e n s i ty  a t  th e  su rface  la y e r  may have become c o n s id e ra b ly  g r e a t e r  than  

the d e n s i ty  o f  charge c a r r i e r s  in  the bu lk  of th e  c r y s t a l .  Based on the 

c u r r e n t - v o l ta g e  c h a r a c t e r i s t i c s  in  the low v o l ta g e  range as shown by 

curves  2 - 8  and e s p e c i a l l y  by 3 and 4, i t  i s  concluded th a t  th e  su p e r

l i n e a r i t y  o f  the  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  may be caused s o le ly  
by th e  non-un ifo rm ity  o f  o p t i c a l  e x c i t a t i o n  o f th e  c r y s t a l  even in  th e  

range of v o l ta g e s  in  which the u n il lu m in a te d  c r y s t a l  may be expected 

to  o p e ra te  under uniform  e l e c t r i c  f i e ld  c o n d i t io n s .  In  curves 2 ,5 , 

and 6 , the p h o to cu rren t  i s  l i n e a r  w ith  app lied  v o l ta g e  in  approx im ate ly  

the range o f  v o l ta g e s  where the  s a tu r a t i o n  of th e  dark  c u r re n t  was p r e 

v io u s ly  observed (curve 1 ) .  On th e  b a s is  of th e  Hecht eq u a tio n  t h i s  

im p lie s  t h a t  the  range , u) = Ejj,t, o f  the  charge c a r r i e r s  had decreased  

as a  r e s u l t  o f  p h o to -e x c i ta t io n ,  a consequence which might have been 

occasioned by decrease o f  e i t h e r  m o b i l i ty ,  l i f e t i m e ,  o r  both . I t  seems 

reaso n ab le  to  a t t r i b u t e  t h i s  d ec rease  o f  u> to  a  d ecrease  of t  only , 

which may a r i s e  as the r e s u l t  o f  the in c re a s in g  importance of charge
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c a r r i e r  recom bination  as  a p ro cess  l im i t in g  the  d e n s i ty  o f f r e e  charge

c a r r i e r s  when th e  c r y s t a l  i s  i l lu m in a te d .  Unlike the  dark  c u r re n t  which 
2

in c re a se s  as  V in  th e  h ig h e r  v o l ta g e  range , th e  p h o to cu rren t i n  curves
3/2  3/22 ,5 ,6 ,7 ,  and 8  in c reased  as  V . The V -dependence i s  i n t e r e s t i n g  

in  t h a t  i t  i s  th e  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  o f  t h i s  p a r t i c u l a r  c e l l  

under c o n d i t io n s  of i l lu m in a t io n  which were more o r l e s s  uniform  through

out th e  whole c r y s t a l .  I t  must be emphasized, befo re  going any f u r th e r  

in  t h i s  d is c u s s io n ,  t h a t  the  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  o f  d i f f e r 

en t  sandwich c e l l s  o f  one compound are  by no means p r e d ic ta b le  and t h a t  
3/2V -dependence a t  h igh  e l e c t r i c  f i e l d  ranges i s  not w ith  any g re a t  gen

e r a l i t y ,  a c h a r a c t e r i s t i c  o f  m -terphenyl sandwich c e l l s .  In  t h i s  par-
~  3/2

t i c u l a r  case th e  r e s u l t  i s  r a th e r  unique in  t h a t  the  V -dependence

occurs  above the  ohmic v o l ta g e  range and makes i t  reasonab le  to  assume 

th a t  t h i s  e f f e c t  i s  due e i t h e r  to  the n o n - l in e a r  dependence on the  e l e c 

t r i c  f i e l d  o f th e  d r i f t  v e lo c i ty  o f  the  charge c a r r i e r s  or to  a v o l ta g e

dependence o f th e  k i n e t i c s  o f c a r r i e r  g e n e ra t io n .
3/2The v a r i a t i o n  o f  the  c u r re n t  as V i s  c h a r a c t e r i s t i c  o f  vacu

um diodes and the  r e l a t i o n  between the c u r re n t  and the  v o l ta g e  i s  de

f in e d  by the  Child® - Langmuir^ law

J  = BV3 / 2  (9)

where B i s  a c o n s ta n t .  Im p l ic i t  i n  the  d e r iv a t io n  o f  t h i s  equa tion  i s
2t h a t  the  k i n e t i c  energy , 1 / 2  rav , of th e  charge c a r r i e r  i s  equa l to th e

energy , eV, t h a t  the charge c a r r i e r  g a in s  from the  e l e c t r i c  f i e l d .
1/2Thus the  v e l o c i t y ,  v = (2eV/m) and s in c e  the  space charge, Q = CV,

3/2the  c u r r e n t ,  J  a  V . In  view o f  the f a c t  t h a t  in  a s o l id  th e  charge
c a r r i e r s  w i l l  have to  move through a medium o f  h igh f r i c t i o n ,  a s a t i s -

3/2fa c to ry  ex p la n a t io n  f o r  the  V -dependence of the p h o to cu rren t  must

•8 C. D. C h ild , Phvs. Rev.. 32, 492 (1911). 

^1 . Langmuir, i b i d . ,  2, 450 (1913).
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r e t a i n  the  concept o f  a d r i f t  m o b i l i ty  which i s  independent o f  the 

e l e c t r i c  f i e l d .  On the  b a s is  o f  a model where the  e l e c t r o n s  a re  

s c a t te r e d  by a c o u s t ic a l  phonons, Shockley showed t h a t  a t  m oderate ly  

h igh  e l e c t r i c  f i e l d s ,  i .  e .  e l e c t r i c  f i e l d s  no t h igh  enough to  make 

s c a t t e r i n g  by o p t i c a l  phonons im p o rtan t,  the  d r i f t  v e l o c i t y  o f  the 

e le c t r o n s  v a r ie d  as the  square ro o t  o f  the  e l e c t r i c  f i e l d .  The 

e q u a tio n  fo r  th e  d r i f t  v e lo c i ty  i s

vd r  ^ o e 1 / 2  <10>

where u i s  the v e lo c i ty  of the  a c o u s t ic a l  waves in  the  medium and

|j, i s  th e  l a t t i c e  d r i f t  m o b il i ty  o f  the charge c a r r i e r s .  When
° 3/2i t  i s  considered  th a t  the  e l e c t r i c  f i e l d  in  the  V reg io n  in

4 5 /  2F ig .  1 ranges from 3 x 10 to  10 V/cm and th a t  (j,Q = 4 .5  cm /V sec,
the  m icroscopic  d r i f t  v e l o c i t i e s  would be o f  the o rd e r  o f 1 0 3  cm/sec. 

This i s  o f  the  same o rd e r  of magnitude as the  v e l o c i t y  of sound 
(~  10"* cm /sec). According to  S hock ley 's  model, charge c a r r i e r s  

w ith  v e l o c i t i e s  approaching th a t  o f  the  a c o u s t ic a l  waves would tend 
to  become "hot"  i .  e .  they  would tend to  g a in  energy from th e  e l e c 

t r i c  f i e l d  f a s t e r  than  they  can lo se  t h i s  energy by c o l l i s i o n  w ith  

the  a c o u s t ic a l  phonons. I t  i s  even p o s s ib le  t h a t  th e  d r i f t  v e lo c i ty  

o f  the  charge c a r r i e r s  may exceed 1 0 3  cm/sec in  an i l lu m in a te d  c ry s 

t a l  because of the  p o s s i b i l i t y  of th e  form ation  of a w ell  defined  
space-charge reg io n  a few microns th ic k  a t  the  i l lu m in a te d  s id e  of

the  c r y s t a l  and a c ro ss  which most o f  the ap p lied  v o l ta g e  d r o p s . ^
3/2I t  seems, th e r e fo r e ,  no t too unreasonable  to  conclude th a t  th e  V

dependence noted i s  due to  "hot e le c t r o n s "  in je c te d  in to  the  c r y s t a l .
3/2Thus analogous to  the Child-Langmuir law, the  V -dependence may be 

expressed  as :

J  = KuM.QC/d3 /2 ) V3 / 2  (11)

l % .  Shockley, B ell S y s t . Tech. J . , 30, 990 (1951).

^ A .  von H ippel, E. P. G ross, J .  G. J e l a t i s  and M. G e l le r ,
Phys. Rev. .  91, 568 (1953).
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where i  I s  th e  f r a c t i o n  o f  ho t e l e c t r o n s  I n  th e  in je c te d  space-

charge and th e  r e s t  of th e  symbols a r e  as  p re v io u s ly  d e f in e d .  $ i s
l e f t  w ith o u t an a n a l y t i c  d e f i n i t i o n  and w i l l  se rve  f o r  the  p re se n t  

as an a d ju s ta b le  p a ram ete r .
3/2On th e  o th e r  hand, the V -dependence may re p re s e n t  some

upper l im i t  o f  a v o ltag e -d ep en d en t  k i n e t i c  p ro c e s s .  I t  was p r e 

v io u s ly  mentioned t h a t  th e  sh o rte n in g  o f th e  l i f e t im e  o f the  charge 
c a r r i e r s  i s  the  probab le  cause o f  the  l i n e a r i t y  of the  p h o to cu rren t  
w ith  v o l ta g e  in  th e  range of v o l ta g e s  where the  dark  c u r re n t  was found 

to  be s u b l in e a r .  The most e lem entary  p ro cess  t h a t  might be invoked i s  

a "b im o lecu la r"  type  o f recom bination , the  e f f e c t i v e  recom bination 

r a t e  " c o n s ta n t" ,  Re ££> be ing  a fu n c t io n  o f the  e l e c t r i c  f i e l d :

[ S n (V )/a t  ]v ^  = L-Re£fn 2  (12)

where L i s  th e  r a t e  of p h o to g e n e ra t io n ,  n = n = n i s  the  d e n s i ty  o f“T -
the f r e e  h o le s  o r  e l e c t r o n s  in  th e  i l lu m in a te d  la y e r  o f  th ic k n e ss  b. 

Under s tead y  s t a t e  c o n d i t io n

n = (L/Re f f ) 1 / 2  (13)

We assume a convenien t form of R such a s :e f f

Re f f  = V l - e "b/ElA° Tl>) (14)

where R^ i s  th e  c h a r a c t e r i s t i c  b im o lecu la r  r a t e  o f recom bination  in  the  

i l lu m in a te d  la y e r  and i s  the  " l i f e  tim e" of the  charge c a r r i e r s  
in  t h i s  l a y e r .

n = [ L/Rb( l - e ‘ WEl‘oTk) ] 1/2 (15)

For e l e c t r i c  f i e l d s  such th a t  5Eu t, £  bO D

n = (L/Rb ) 1 / 2  (16)

and f o r  h igh  e l e c t r i c  f i e l d s  such th a t  2  25b

n = [ L/Rb (b/EM,oTb) ] 1 / 2  (17)
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Since the  c u r r e n t ,  J  = neji E/d i t  i s  seen t h a t  a t  low v o l ta g e s ,  J  or V
°  3/2and a t  h ig h e r  v o l ta g e s  J #  V . Since th e  t r a n s i t i o n  from an e l e c t r i c  

f ie ld - in d e p e n d e n t  to  an e l e c t r i c  f ie ld -d e p e n d e n t  r a t e  o f  recom bination 

depends upon b, i t  i s  seen  t h a t  when b i s  small as  in  th e  case when the 

e x c i t in g  l i g h t  i s  s t ro n g ly  absorbed c lo se  to  the  c r y s t a l  su rfa c e ,  the  

t r a n s i t i o n  from th e  ohmic to  the s u p e r - l in e a r  c u r re n t -v o l ta g e  c h a r a c te r 

i s t i c s  w i l l  occur a t  lower v o l t a g e s .  This  p rov ides  a q u a l i t a t i v e  ex

p la n a t io n  f o r  the  gen era l  tendency o f  curves 2 , 5 , 6 , 7 , and 8  to  become 

s u p e r - l in e a r  a t  lower v o l ta g e s  and the o b se rv a t io n  of a s t r i c t l y  super-

l i n e a r  c h a r a c t e r i s t i c  o f  3 and 4. To g e t  an approximate va lue  o f  t.
4 - 1we assume t h a t  th e  e l e c t r i c  f i e l d ,  E ~  10 V. <em a t  th e  t r a n s i t i o n  

3 /2from a  V- t o  a V -dependence, s a t i s f i e s  the  co n d i t io n  5 Eu, t . = b and
-5  -9  °  bth a t  b = 10 cm. t . tu rn s  out to  be o f  the  o rd e r  of 10 sec . On

-15making the assum ption t h a t  th e  recom bination  c r o s s - s e c t io n ,  <j , = 1 0  

2cm , th e  d e n s i ty  o f  recom bination  c e n te r s ,  N , , in  the i l lu m in a te d  reg ion
19 -3tu rn s  out to  be o f  the o rd e r  o f 10 cm . These es tim ated  v a lu e s  are  

r a t h e r  i n t e r e s t i n g  in  t h a t  they  imply th e  m olecu lar  n a tu re  of the  r e 
combination c e n te r s .

I t  i s  no t p o s s ib le  p r e s e n t ly  to  d is c r im in a te  between the  two 

a l t e r n a t i v e  i n t e r p r e t a t i o n s  o f  the  s u p e r - l in e a r  c h a ra c te r  of the c u r re n t -  

v o l ta g e  cu rves .  F u r th e r  work i s  n e c e s sa ry  to  a s c e r t a in  the  n a tu re  of 

the s c a t t e r i n g  mechanisms f o r  charge c a r r i e r s  and the n a tu re  o f th e  r e 

combination c e n te r s  in  o rg an ic  m olecu lar  s o l id s .

£ -Q u arte rp h en y l , j>-Terphenyl and A nthracene: The c u r re n t-v o l ta g e  char

a c t e r i s t i c s  of a 35 m ic ro n - th ic k  c r y s t a l  o f  j> -quarterphenyl a re  shown 

in  F ig .  3. In  curve 1 th e  dark  c u r r e n t ,  J ^ ,  i s - s l i g h t l y  s u p e r - l in e a r .

The s lope  o f  log v s .  log  V. in  th e  range of v o l ta g e s  from 10 to  120

v o l t s  i s  1 .2 .  There i s  a tendency f o r  th e  dark  c u r re n t  to  in c re a se  as 
2

V a t  h ig h e r  v o l ta g e s .  Curve 2 shows the  c u r re n t -v o l ta g e  r e l a t io n s h ip  

when th e  c r y s t a l  was i l lu m in a te d  w ith  po lychrom atic  l i g h t  through the  

p o s i t iv e  e l e c t r o d e .  The p h o to c u r re n t ,  Jp+!, in c reased  as  between

2 and 70 v o l t s  w hile  in  curve 3, the  p h o to cu rren t  when th e  i l lu m in a te d  

side  was n e g a t iv e  J^_, in c reased  as  V*-*^ w ith in  th e  same range o f
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Fig» 3. C urren t-V o ltage  C h a r a c t e r i s t i c s j  jJ-Q uarterphenyl
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2
v o l t a g e s .  Both c u r r e n t s  In c reased  a s  V a t  v o l ta g e s  g r e a t e r  than  100

v o l t s .  The t r a n s i t i o n  of th e  dependence o f  J  and J  from a V* * 8

1 5  2  ** p"and V * r e s p e c t iv e ly  to  a V -dependence i s  n o t  q u i te  sh a rp .  However,
1 6  2in  th e  curve t r a n s i t i o n  from th e  V * to  the  V -dependence appears  

to  be a t  V = 100 v o l t s .  S im i la r ly  in  curve 3, t h i s  occurs a t  a p p ro x i
m a te ly  V = 90 v o l t s .  These v o l t a g e s ,  which w i l l  be r e f e r r e d  to  a s  the 

t r a n s i t i o n  v o l t a g e s ,  p robab ly  r e p re s e n t ,  r e s p e c t iv e ly ,  the  c r i t i c a l  

v o l ta g e s  fo r  the  e x t r a c t io n  o f  e le c t r o n s  from the  i l lu m in a te d  c r y s t a l  
s u r fa c e  in  th e  case o f  J , and the  i n j e c t i o n  of e le c t ro n s  i n t o  th e

i l lu m in a te d  c r y s t a l  su r fa c e  in  the case o f J  . Thus in  th e  case o f
P-

J  a  p o s i t iv e  space charge due to  trapped  h o les  i s  formed in  the 
P+

c r y s t a l  and i n  the  case  of , a n e g a t iv e  space charge r e s id e s  in

th e  bulk  o f th e  c r y s t a l  due to  trapped  e l e c t r o n s .  The lack  o f  any
2

s p e c ta c u la r  in c re a s e  o f the  c u r re n t  w ith  v o l ta g e  below the  V re g io n  

and the r e l a t i v e l y  low s p a c e -c h a rg e - l im ite d  (SGL) c u rren t  d e n s i t i e s  

i n d i c a t e  the p resence  of r e l a t i v e l y  h igh  d e n s i t i e s  o f  d i s c r e t e  t r a p 

p in g  c e n te rs  f o r  bo th  the h o le s  and the  e l e c t r o n s  in  the c r y s t a l .

The h ig h er  SCL c u r re n t  d e n s i ty  o b ta ined  f o r  J  compared to  t h a t  f o r  

Jp_ im plies  t h a t  th e  d e n s i ty  o f t ra p p in g  c e n te r s  f o r  ho les  i s  l e s s  

th a n  th a t  f o r  the  e l e c t r o n s  an d /o r  th e  m o b i l i ty  o f  the  h o le s  i s  g r e a t e r

th a n  th a t  o f  the  e l e c t r o n s .  I f  th e ' t r a p p in g  s t a t e s  were d i s t r i b u t e d
2

more o r  l e s s  e x p o n e n t ia l ly  i n  energy , the  c u r re n t  below th e  V reg io n  

would have in c re a se d  acco rd ing  to  th e  w ell  known equation  f o r  a space 

c h a r g e - l i m i t e d - t r a p - f i l l e d - l i m i t e d  (SCL-TFL) c u r re n t :

J  = 10"1 3 (V*io e /d 2 ) ( e n cO/C) e < V  (18)

Where nco i s  th e  i n i t i a l  therm al e q u i l ib r iu m  c o n c e n tra t io n  o f  the 

f r e e  c a r r i e r s ,  where y = C /(n  dekT), where n i s  the  number o f  t r a p sb b
p e r  cubic  c e n t im e te r  per u n i t  range o f energy , and where C i s  the

1 2c ap ac i tan ce  o f  the c r y s t a l .  A c u r re n t  which obeyed the above

*2 Rose, 0 £ . c i t . . v o l .  97, p .  1538.
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r e l a t i o n s h i p  was ob ta ined  in  j> -terphenyl and i s  d ep ic ted  in  F ig .  4.

There i s ,  however, an anomaly below 40 v o l t s .  According t o  Eq. (18)

th e  t r a n s i t i o n  in  th e  low v o l ta g e  range should be from an ohmic to  a

SCL-TFL c u r r e n t .  The c u r re n t -v o l ta g e  curve below 40 v o l t s  i s  super-
3/2l i n e a r ;  th e  c u r re n t  in c re a s in g  as  V . This anomaly may be due to  

th e  e f f e c t s  of v o l ta g e  which were p re v io u s ly  d is c u s s e d .  However, 

between 40 and 150 v o l t s ,  th e r e  i s  no q u e s t io n  reg a rd in g  the ch a rac 

t e r i s t i c s  o f  the  c u r r e n t .  I t  in c reased  as  and above th e  t r a n s i -
2

t i o n  v o l ta g e ,  V = 150 v o l t s ,  i t  in c reased  as V . The change from
5 2th e  V -dependence to  the  V -dependence in d ic a te d  t h a t  a t  150 v o l t s

th e  t ra p p in g  c e n te r s  were com plete ly  f i l l e d .  SCL-TFL c u r re n t s  were
13a ls o  o b ta ined  by Mark and H e l f r ic h  u s in g  e l e c t r o l y t e  e l e c t r o d e s .

In  t h e i r  work, th e  t r a n s i t i o n  from SCL-TFL to  SCL c h a r a c t e r i s t i c s  

were n o t ob ta ined  because th e  c u r re n t  s a tu r a te d  b e fo re  the  t r a n s i 

t i o n  v o l ta g e  was reached .

C u rre n t-v o l ta g e  c h a r a c t e r i s t i c s  which appear to  behave as
SCL-TFL c u r re n ts  were found in  a 40 m ic ro n - th ic k  c r y s t a l  o f  an-

2 2th ra cen e  and a re  shown in  F ig .  5. In  curve 1, J . a  V * between
9 d10 and 76 v o l t s  and J .  a  V above 76 v o l t s .  In  curve 2, J  in -

1.3 d 4 P+c re a se s  as  V between 5 and 50 v o l t s ,  and as V a t  h ig h e r  v o l t 
a g e s .  In  curve 3 J p_ i s  s u b l in e a r ,  in c re a s in g  only a s  between

5 and 50 v o l t s  and e x h ib i t in g  a "break-away ' 1 c h a r a c t e r i s t i c  above 

50 v o l t s .  The p o s i t i v e  i d e n t i f i c a t i o n  o f the  r a p id ly  r i s i n g  por
t io n s  o f  curves 1  and 2  was no t unambiguously proved to  be o r  not 
to  be due to  SCL-TFL c u r r e n t .  There i s  reason  to  b e l ie v e  th a t  the  

ra p id  in c re a se  in  the  c u r re n t  w ith  v o l ta g e  i s  due to  the  o n se t  o f

d i e l e c t r i c  breakdown. A ttem pts to  observe a s a tu r a t i o n  o f  the
2

c u r re n t  w i th  v o l ta g e  o r  a t r a n s i t i o n  toward a V dependence a t  

h ig h e r  v o l ta g e s  were not s u c c e s s fu l  because the  c e l l s  u s u a l ly  b reak 
down perm anently and were consequen tly  s h o r t - c i r c u i t e d .  The occur-

13
Mark and H e l f r i c h ,  o£. c i t . , v o l .  33, p . 205.

4
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F ig .  4 . C urren t-V oltage  C h a r a c t e r i s t i c s :  j>-Terphenyl
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F ig .  5. C urren t-V oltage  C h a r a c te r i s t i c s :  Anthracene
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rence o f d i e l e c t r i c  breakdown lends  c r e d i b i l i t y  to  the  b e l i e f  t h a t

the  sharp  r i s e  o f the  c u r re n t  w ith  v o l ta g e  i s  due to  the onse t o f

t h i s  phenomenon. S evera l mechanisms have been proposed by se v e ra l

a u th o rs  to  e x p la in  the  phenomenon o f d i e l e c t r i c  breakdown bu t none

of th e se  may be ru le d  ou t w ith  any g re a t  degree of c e r t a i n t y  on the

b a s is  o f  th e  r e s u l t s  p resen ted  in  F ig .  5. There i s ,  however, the

experim en ta l r e s u l t  shown by curve 4 which enab les  us to  e l im in a te

s e v e ra l  p o s s i b i l i t i e s .  Curve 4 was ob ta ined  when th e  c r y s t a l  was

cooled down to  approx im ate ly  150°K. The c e l l  was i l lu m in a te d  through

the  p o s i t i v e  e le c t ro d e  w i th  po lychrom atic  l i g h t .  I t  i s  seen th a t  
2J  a  V throughout the  v o l ta g e  range . Since no unusual r i s e  in  the 

P+
c u r re n t  was observed in  4, i t  may be concluded th a t  n e i t h e r  the b reak

down mechanism due to  e l e c t r o n  m u l t i p l i c a t i o n  as suggested  by Von
14 15Hippel nor the  Zener type o f d i e l e c t r i c  breakdown were the  opera

t i v e  p ro c e ss e s .  I t  i s ,  however, p o s s ib le  t h a t  the  breakdown i s  due 

to  jo u le  h ea t  as suggested  by W ag n er^ . I f  t h i s  were the  case th e  ' 

sharp r i s i n g  p o r t io n s  o f curves 1  and 2  may have been due to  th e  t h e r 

mal io n iz a t io n  of im p u ri ty  c e n te r s  and the  d e tra p p in g  of charge c a r 

r i e r s  caused by lo c a l  h e a t in g  and no t due to  an SCL-TFL c u r r e n t .  From 

the a v a i l a b le  experim en ta l d a ta ,  the  tra p p in g  s t a t e  d e n s i ty  fo r  ho les  

in  an th racene  may be c a lc u la te d .  The c o n d u c t iv i ty  glow curve shown
in  F ig .  6  y ie ld ed  a t r a p  dep th , E = 0 .6  ev, fo r  the main glow peak.

2 19 -3Using the v a lu e s :  |io = 2 cm /V sec ,  = 2 .5  x 10 cm , e = 2 .5 ,

d = 4 x 10 ^ cm, T = 150°K and the  c u r re n t  d e n s i ty  a t  V = 100 v o l t s
-9 2from curve 4 which i s ,  J  = 8 . 8  x 10 a m p s . / I . 5 cm , N tu rn s  out to

P+ t

1 4 A. von H ippel, Z. P h y sik . 75, 145 (1932). 
^ C .  Zener, P roc. Roy. S o c . , 160A, 523 (1934). 

1 6 K. W. Wagner, E le c . E n g . . 41, 1034 (1922).



F ig .  6 . C o nduc tiv ity  Glow-Curve: Anthracene
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The c u r re n t -v o l ta g e  curves 2 and 3 a re  q u i te  s im i la r  to  the  

forward and the  re v e rse  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  of pn ju n c 

t i o n s . ^  R e c ti fy in g  ju n c t io n s  a r i s i n g  from th e  presence o f su rface
18 19s t a t e s  as proposed by Bardeen and Bardeen and B r a t t a in  and from

the  mismatch of the  work fu n c t io n  o f  e le c t ro d e  and the c r y s t a l  as  sug- 
20 21gested  by Mott and Schottky a r e  a lso  probable  causes o f the  super-  

l i n e a r  c h a ra c te r  of the c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  in  F ig .  5.

Biphenyl and T e trap h en y lb u tad ien e : The c u r re n t -v o l ta g e  c h a ra c te r 

i s t i c s  o f  a 30 m ic ro n - th ick  c r y s t a l  of b iphenyl a re  shown in  F ig .  7.

The dark  c u r re n t  ( s e e  curve 1) in c re a se s  as V below 7 v o l t s .  At 

v o l ta g e s  between 7 and 50 v o l t s  i t  in c re a se s  l i n e a r ly  w ith  v o l ta g e .

The c u r re n t  becomes ex trem ely  n o isy  a t  h ig h er  v o l ta g e s .  The behav io r  

of the  p h o to cu rren t w ith  v o l ta g e  when the c e l l  was i l lu m in a te d  w ith

polychrom atic  l i g h t  through the p o s i t i v e  e le c t ro d e  i s  shown by curve 2 .
1/2The c u r re n t  v a r ie s  a s  V below 50 v o l t s  and between 50 and 180 v o l t s

the  p h o to cu rren t  becomes ex trem ely  n o isy .  The onse t of no ise  i s  u s u a l ly

followed by d i e l e c t r i c  breakdown. The breakdown cuases the c e l l s  to  be
sh o r t  c i r c u i t e d .

2
The V -dependence o f  J ,  a t  low v o l ta g e s  and the change o f t h i sa

dependence t o  ohmic c h a r a c t e r i s t i c  a t  h ig h er  e l e c t r i c  f i e l d s  may be
22analyzed in  terms o f  the eq u a tio n  derived  by Mott and Gurney fo r  the  

dependence of c u r re n t  on v o l ta g e  f o r  sm alle r  e l e c t r i c  f i e l d s  fo r  which 
the space-charge i s  im p o rtan t .  The equation  they  derived  fo r  the

1 7 W. Shockley, P roc . I .  R. E . , 40, 1289 (1952).
1 ft

J .  Bardeen, Phys. Rev., .71, 717 (1947).
1 9 J .  Bardeen and W. H. B r a t t a in ,  i b i d . ,  75, 1208 (1949).
20N. F. M ott, Proc. Roy. S o c . , 171A. 27 (1939).
2 1 W. S cho ttky , Z. P h v s tk . 118. 539 (1942).

2 2 N. P. Mott and R. W. Gurney, " E le c t ro n ic  P rocesses  in  Io n ic
C r y s ta l s , "  Clarendon P ress ,  Oxford (1948), p. 172.
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F ig .  7. C urren t-V o ltage  C h a r a c te r i s t i c s  o f  Biphenyl
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p o t e n t i a l  drop a c ro ss  th e  c r y s t a l  I s :

V = 2/3  ( 8 t t J /h ) 1 / 2  [ (d  + bQ) 3 /2 - bQ3 /2 ] (19)

bQ = j / 8 rrjiNQ2 e 2  (20)

Nq i s  the  d e n s i ty  o f the  e le c t r o n s  a t  the  su rfa c e  immediately in

c o n ta c t  w ith  the  e le c t r o d e ,  b i s  a c o n s ta n t  and the  r e s t  o f  theo
symbols a re  as defined  p re v io u s ly .  The two eq u a tio n s  g ive  J  in

terms o f V. For small v a lu es  o f  V, J  i s  small and b «  d so th a t* o

J  =? 9|iV2/32nd3 (21)

2
The c u r re n t  in c re a se s  as  V . For la rg e  v o l ta g e s  bQ »  d whence

J  = ep,NoV/d (22)

The c u r re n t  i s  ohmic. The o rd e r  of magnitude of the  c r i t i c a l  f i e l d  
i s  th e r e fo r e :

E = V/d > eN d (23)c o  '

The l a s t  eq u a tio n  allow s the  c a lc u la t io n  of the  o rd e r  o f  magnitude

of N from the  t r a n s i t i o n  v o l ta g e ,  V = 7 .2  v o l t s ,  in  curve 1. I t
°  ~  1 2 - 2tu rn s  out t h a t  N < 5 .5  x 10 cm . We no te  th a t  the  dark  c u r re n ts

° -13in  F ig .  7 a re  of th e  o rd e r  o f  10 amperes in  the  space charge r e 

gion o f  the  cu rve . I f  a l l  o f  the  Nq charge c a r r i e r s  were f r e e ,  

the  v a lu e  o f  p. c a lc u la te d  from Eq. (22) would be o f  the  o rd e r  of 

10 * cm2  V * sec" which i s  a very  unreasonable  number! On the

o th e r  hand, i f  we assume a reaso n ab le  va lue  fo r  the  m o b i l i ty ,
2 - 1  - 1p, ~  1 cm V sec , the c u r re n t  c a lc u la te d  from the  same equa tion  

would be of the o rd e r  o f  a m i l l i -a m p e re .  I t  must, t h e r e f o r e ,  be 

concluded th a t  th e se  charge c a r r i e r s  a re  m ostly  im m obilized. I t  i s  
q u i te  p o s s ib le  t h a t  they  a re  lo c a l iz e d  in  the su rfa c e  s t a t e s  o f  the  

c r y s t a l  p a r t i c u l a r l y  in  the  immediate v i c i n i t y  of the  c r y s t a l - e l e c t r o d e  

c o n ta c t .  I f  t h i s  were the  case we could o b ta in  an e s tim a te  o f the  den
s i t y  o f su rface  s t a t e s  from the  es tim ated  d e n s i ty  of su rfa c e  charge 

when the  c r y s t a l  i s  opera ted  under a c o n d i t io n  in  which i t  may be
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reaso n ab ly  assumed t h a t  th e  s u r fa c e  s t a t e s  a re  alm ost com pletely  

occupied , i .  e .  the  r a t e  o f  charge c a r r i e r  g e n e ra t io n  in  the  c r y s t a l  

must be made s u f f i c i e n t l y  h igh  to  m a in ta in  th e  h ig h e s t  p o s s ib le  den

s i t y  o f f r e e  charge c a r r i e r s .  In  curve 2, which we s h a l l  d isc u s s  

l a t e r ,  we n o te  t h a t  th e  t r a n s i t i o n  v o l ta g e ,  V = 50 v o l t s  has in c reased

by n e a r ly  an o rd e r  o f  magnitude compared to  t h a t  o f  curve 1. The
13 2v a lu e  fo r  N i s  5 x 10 cm . This v a lu e ,  i f  taken  as an e s tim a te  o

of the  su rfa c e  s t a t e  d e n s i ty ,  seems to  be v e ry  reaso n ab le  when com

pared to  the  e s tim a ted  and measured d e n s i t i e s  of su rfa c e  s t a t e s  in  
some in o rg a n ic  c r y s t a l s .  There i s  p r e s e n t ly  no a v a i la b le  d a ta  fo r  

the  d e n s i ty  o f  su rfa c e  s t a t e s  in  o rg an ic  c r y s t a l s .  In  a h y p o th e t i 
c a l l y  c lean  and p e r f e c t  germanium o r  s i l i c o n  s u r f a c e ,  the  su rfa c e  s t a t e

23 14 1 5
d e n s i ty  was es tim a ted  by Shockley to  be o f th e  o rd e r  o f  10 to  10

_ 2cm w hile  th e  ex p e r im e n ta l ly  measured su rfa c e  s t a t e  d e n s i ty  in  n -type
1 3 - 2germanium i s  o f the  o rd e r  o f  5 x 10 cm accord ing  to  Shockley and 

24Pearson .

The f i l l i n g  up o f the  su rfa c e  s t a t e s  g iv es  r i s e  to  a space- 

charge la y e r  n e a r  the  s u r f a c e ;  a p o t e n t i a l  b a r r i e r  i s  e s ta b l i s h e d  a t  

a v a lu e  such t h a t  th e  excess  charge in  the  su rfa c e  s t a t e s  i s  balanced 
by t h a t  o f th e  io n ized  im p u r i t ie s  and the  f r e e  c a r r i e r s  in  the  space- 

charge l a y e r .  The p o t e n t i a l  b a r r i e r  may be e s tim a ted  from th e  dark 

c u r re n t  curve. At the  t r a n s i t i o n  v o l ta g e ,  the  f r e e  charge c a r r i e r  

d e n s i ty ,  n^, in  the  bu lk  must equal t h a t  a t  the s u r fa c e .  From the

ohmic reg io n  o f the  curve we c a lc u la te  th e  ohmic r e s i s t a n c e ,
14 - 2  2  - 1  - 1R = d /n  ep, = 10 ohm/cm and assuming th a t  jj, ~  1cm V sec we get

V 3 -V /kTn^ = 150 charge c a r r i e r s  per  cm . Using the eq u a tio n  n^ = NQe b

w ith  kT = 1/40 e v . ,  i s  found to  be 0 .7  to  0 .8  ev.

The e x te r n a l ly  ap p lied  v o l ta g e  changes th e  p o t e n t i a l  drop ac ro ss

the  b a r r i e r  and hence r e s u l t s  in  a change in  th e  th ic k n e ss  o f  the b a r r i e r .

2 3 W. Shockley, Phys. R ev .. 56, 317 (1939).
Shockley and G. L. P earson , i b i d . , 74. 232 (1948).
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I f  the  sense of the  a p p lie d  v o l ta g e  i s  i n  the  forward d i r e c t io n  i .  e .

th e  b a r r i e r  he ig h t i s  d ec rease d , th e  w id th  of th e  b a r r i e r ,  b , in -
25 °c re a se s  as  deduced from th e  b a r r i e r  e q u a tio n :

Vfe =F V = (2 n /e )  n deb* (24)

Conversely when th e  a p p lied  v o l ta g e  i s  i n  the  re y e rse  d i r e c t io n ,  b
1/2  °  d e c re a se s .  The V -dependence o f  may be due to  the  photogenera

t i o n  and recom bination  ta k in g  p lace  m ainly in  th e  space charge re g io n :
26J  being i n  th i s  sense  tak en  as  th e  re v e rse  c u r r e n t .

P+
The p h o to c u r re n t-v o l ta g e  c h a r a c t e r i s t i c s  o f  a 28 m ic ro n - th ick

c r y s t a l  o f  te tra p h e n y lb u ta d ie n e  a re  shown in  F ig .  8 . The c r y s t a l  was

e x c i te d  w i th  monochromatic l i g h t  a t  365 mp,. The c h a r a c t e r i s t i c s  a re
v e ry  s im i la r  to  th o se  ob ta ined  f o r  b ipheny l except t h a t  in  te tra p h en y l-

2
b u tad ien e ,  the  J  curve v a r i e s  as  V in  th e  range of low v o l ta g e s .

1/2In  b iphenyl i s  p ro p o r t io n a l  to  V . This d i f f e r e n c e  probably  

a r i s e s  from the d i f f e r e n c e  in  the p o l a r i t y  of the  su rfa c e  charge in  

th e  two compounds. This suggests  the  p o s s i b i l i t y  t h a t  th e  m a jo r i ty  

c a r r i e r s  in  b iphenyl have th e  o p p o s ite  s ig n  to  t h a t  in  t e t r a p h e n y l 

b u tad ien e .

^ A .  J .  Dekker, "S o lid  S ta te  P h y s ic s ,"  P r e n t ic e -H a l l ,  I n c . ,  
Englewood C l i f f s ,  N. J . , (1961) p . 350.

Shockley and W. T. Read, Phys. Rev. . 87. 835 (1952).
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B. Dependence o f  P h o to cu rren t  on L igh t I n t e n s i t y

The r e s u l t s  ob ta ined  from th e  s tudy  o f th e  v a r i a t i o n  of the

p h o to cu rren t  w ith  l i g h t  i n t e n s i t y  may be expressed  in  terms o f  the

r e l a t i o n s h i p ,  J p+ a  1 ^ ,  where J p+ i s  the  p h o to c u r re n t  when the  i l l u 

minated s id e  i s  p o s i t i v e ,  I  i s  the  i n t e n s i t y  o f the  in c id e n t  l i g h t

of wavelength X, and 0 .5  < m < 1. Where po lychrom atic  l i g h t  i s  used,
the  p h o to cu rren t  i s  l i n e a r  w ith  l i g h t  i n t e n s i t y .  Log J  was p lo t te d

P+
a g a in s t  log  %I^ f o r  d i f f e r e n t  compounds. The v a lu e s  o f  m were ca lc u 

l a t e d .  The r e s u l t s  a re  summarized in  Table I .  I t  i s  observed th a t :

(a) The p h o to c u r re n t  i s  l i n e a r  w i th  l i g h t  i n t e n s i t y  when th e  l i g h t  

i s  alm ost com plete ly  absorbed a t  o r  v e ry  c lo se  to  the  su rfa c e  of the 

c r y s t a l .  The p e n e t r a t io n  dep th  o f the  sh o rt-w av e len g th  l i g h t  used i s  

p robably  l e s s  than  1 0  ^ cm.

(b) The p h o to cu rren t  i s  approx im ate ly  p r o p o r t io n a l  to  the square 

ro o t  o f  the  l i g h t  i n t e n s i t y  when th e  e x c i t in g  l i g h t  p e n e t r a te s  deeper 

in to  the  bu lk  of th e  c r y s t a l .  Based on 99% a b s o rp t io n ,  the  e x t in c t io n  

c o e f f i c i e n t  and th e  d e n s i ty  of the  c r y s t a l ,  the  p e n e t r a t io n  depth  of 

the  l i g h t  o f lon g er  wavelength used f o r  e x c i t a t i o n  was es tim a ted  to  be 

of the  o rd e r  of 1 micron.

(c) The exponent, m, tends  to  in c re a se  w ith  in c re a se  o f the  v o lta g e  
ap p lied  a c ro ss  th e  c r y s t a l .

These o b se rv a t io n s  as w e ll  as o th e r s  concerning  the  e f f e c t  on 

the  p h o to c u r re n t-v o l ta g e  c h a r a c t e r i s t i c  o f  v a r io u s  modes of i l lu m in a 

t io n  may be r a t io n a l i z e d  w ith  a f a i r  degree o f  c o n s is te n c y .  From the

s u p e r - l in e a r  J  v s .  V c h a r a c t e r i s t i c  t h a t  in v a r ia b ly  r e s u l t s  when the  
P+

c r y s t a l  i s  e x c i te d  by a s tro n g ly  absorbed monochromatic l i g h t ,  i t  may 
be assumed th a t  a p o t e n t i a l  b a r r i e r  i s  e s ta b l i s h e d  when the  c r y s t a l  i s  

i l lu m in a te d .  This p o t e n t i a l  b a r r i e r  might be o f th e  Schottky  type or 

of the type t h a t  might a r i s e  because o f the  p resence  o f  su rfa c e  s t a t e s  
in  the  c r y s t a l .  For the  purposes o f  the  d is c u s s io n ,  l e t  i t  be assumed 

t h a t  the b a r r i e r  i s  formed because the  su rfa c e  of the c r y s t a l  in  c o n tac t  

w ith  the  Sn0 2  e le c t ro d e  i s  charged n e g a t iv e ly ,  and t h a t  a d ja c e n t  to  the  

su rface  and ex tending  in to  the  bulk  of the  c r y s t a l  th e re  i s  a p o s i t iv e


